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Dissociative electron attachment (DEA) has long been known to
play an important role in plasma processing [1] and atmospheric
chemistry [2] and more recently the role of DEA in radiation
damage to biologically relevant molecules has been the subject
of interest of many research groups [3]. In a simpliﬁed picture
many DEA processes can be fairly well described within the model
of a quasi-diatomic dissociation by
ABþ e ! AB ! Aþ B ð1Þ
where a low energy electron attaches to the neutral molecule; AB,
to form a transient negative ion (TNI). The TNI; AB, can reemit
the attached electron (autodetachment) or, if it is energetically
above the threshold for dissociation, dissociate to form the neutral
fragment; A, and the negative ion; B. Electron attachment is a res-
onant transition from the neutral ground state to the TNI state, and
is only accessible in a narrow electron energy range in the Franck–
Condon region. In contrast to fragmentation induced by direct elec-
tron impact, where excess energy of several eV is required, DEA is
very bond selective and can occur close to zero eV electron energy
with high efﬁciency [4] and large cross sections of about 1016 to
1018 m2 [1]. Excellent examples of the site selectivity in DEA have
been demonstrated for the pyrimidine nucleobases thymine and
uracil [5], the amino acid valine [6] and a range of small organic
molecules [7], to name a few. It is thus not farfetched to consider
DEA by low energy electrons as a method of chemical control at
the molecular level.
In DEA, the thermochemical threshold for a speciﬁc direct disso-
ciation process is given by the difference between the bond disso-
ciation energy (BDE), here the AB bond, and the electron afﬁnity of
the neutral fragment; B, ejected as an anion. Therefore, suchll rights reserved.
gólfsson).
ﬁeld@qub.ac.uk (T.A. Field).
et al., Chem. Phys. Lett. (2012)(direct) high efﬁciency processes can only occur close to 0 eV elec-
tron energy if the electron afﬁnity of B is greater than the bond dis-
sociation energy. This is rarely the case except where fragments
with high electron afﬁnities, such as Cl, Br, I and CN, are ejected
as anions. Good examples of such processes can be found in the re-
view articles [4,8]. More complicated processes with multiple bond
ruptures which cannot be described by the quasi-diatomic model
are however frequently observed in DEA at low incident electron
energies. In these processes the energy gained by the formation
of new chemical bonds enables the reactions to proceed at low
electron energies with high efﬁciency and selectivity.
Notable examples of such processes include the formation of
CN from hexaﬂuoroacetone azine [9] and the amino acids valine
[10] and glycine [11] as well as multiple fragmentation processes
observed close to 0 eV in DEA to the well known explosive TNT
[12]. Other examples include those described in DEA studies of tri-
ﬂuoroacetic acid [13] and pentaﬂuorophenylacetonitrile [14]. In
both these cases anions consisting of the parent molecule less
one ﬂuorine and one hydrogen atom; [M  HF], are formed with
high efﬁciency close to 0 eV electron energy. The very low thresh-
olds for these channels, and high efﬁciencies, are achieved through
the formation of neutral HF molecules in the dissociation process,
which fuel the reaction by releasing the HF bond energy of 5.9 eV
[15]. Such hydrogen halide formation has also been shown to be a
dominating process in DEA to 5-chloro uracil [16], and further-
more, high intensity H2 loss has been reported close to 0 eV for
the nucleobase thymine [17].
In the context of chemical control through DEA it is thus very
interesting to seek ways to exploit highly exothermic bond
formation processes, such as the HF formation, as a driving force
for dissociation channels that would otherwise not be accessible.
Motivated by this concept we have conducted a systematic
experimental and theoretical study of DEA to the substituted pen-
taﬂuorophenyl compounds pentaﬂuorotoluene (PFT); C6F5CH3,
pentaﬂuoroaniline (PFA); C6F5NH2 and pentaﬂuorophenol (PFP);, http://dx.doi.org/10.1016/j.cplett.2012.04.059
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Figure 1. Ion yield from DEA to PFA (a) and PFP (b) in the incident electron energy
range from 0 to 3 eV.
2 B. Ómarsson et al. / Chemical Physics Letters xxx (2012) xxx–xxxC6F5OH. We have chosen these compounds as, from a steric point
of view, they can all form HF between a hydrogen and a ﬂuorine
in the ortho-position but they differ with respect to the polariza-
tion of the X–H bonds, which increases in the order C < N < O.
These compounds are thus excellent candidates to study the role
of hydrogen bonding in the HF formation process and we expected
a large difference between PFT on one hand and PFA and PFP on the
other, as the more electronegative N and O, like F, form hydrogen
bonds that may stabilize X  H  F intermediates.
2. Experimental methods
The experimental setup is described in detail elsewhere [18]. In
brief, it consists of a trochoidal electron monochromator (TEM) and
a time-of-ﬂight (ToF) mass spectrometer. The experiment is pulsed
with  1 ls electron pulses passing through the source region of
the ToF mass spectrometer. When all the electrons have left the
source region ( 1 ls) any ions generated are pushed with a
200 V/cm pulsed electric ﬁeld towards an acceleration ﬁeld of
400 V/cm, whereafter the ions drift along the ToF Mass Spectrom-
eter towards the ion detector. The mass spectrometer potentials
are reversible so that both positive and negative ions can be de-
tected. The electron energy scale is calibrated with respect to the
formation of SF6 from SF6 at 0 eV electron energy and the resolu-
tion (140 meV) is estimated from the FWHM of the SF6 signal.
The samples were introduced through a gas inlet into the high vac-
uum reaction chamber by sublimation (PFP and PFA) or evapora-
tion (PFT) at room temperature. PFP and PFT were purchased
from Sigma–Aldrich (St. Louis, MO, USA) and PFA from Fluorochem
(Hadﬁeld, Derbyshire, England). All compounds had stated purity
of 99% and were used as delivered.
3. Computational methods
To determine the threshold energies for the individual DEA pro-
cesses, the geometry of all molecules and fragments was optimized
at the B3LYP/6-31G** [19,20] level of theory and vibrational fre-
quency calculations were made to verify the minima. Single point
energy calculations were performed for the optimized systems at
the B3LYP and B2PLYP [21] levels of theory using the aug-pc-2 ba-
sis set [22]. The zero-point energy and the thermal vibrational en-
ergy at 298 K from harmonic vibrational frequency calculations
were added to the systems. In the ﬁnal step, threshold energies
were determined by subtraction of the total energy of the products
of the respective DEA processes from the total energy of the corre-
sponding parent molecules. All these calculations were preformed
with NWCHEM 6.0 [23].
To explore the role of hydrogen bonding in the DEA process, the
minimum energy path for the revolution of the XHn groups was
evaluated at the B3LYP/6-31G** level of theory using the Nudged
Elastic Band (NEB) method [24]. These calculations were per-
formed using Chemshell [25] with the NWCHEM program interfaced
as QM code and the DL-FIND [26] interface as geometry optimizer.
A total of 18 NEB images were calculated along the reaction paths.
In the case of PFA and PFP the XHn group is rotated 180 between
the initial and the ﬁnal state but in the case of PFT the range is 60.
The resulting transition states and minima were further optimized
at the B3LYP/pc-2 level of theory to obtain a good estimate for the
energy barrier.
4. Results and discussion
Figure 1 shows the negative ion yield curves of all fragments
formed through DEA to PFA (a) and PFP (b) in the incident electron
energy range from 0 to 3 eV. In this energy range, several DEAPlease cite this article in press as: B. Ómarsson et al., Chem. Phys. Lett. (2012)products are observed from both PFA (a) and PFP. By contrast,
the only negative ion observed from PFT, in this energy range is
the parent molecular anion, M, which is observed with very low
intensity close to 0 eV (not shown here). Hence, no DEA processes
are observed from PFT in this energy range.
The most pronounced DEA channels for PFA and PFP lead to the
formation of [M  HF] through two distinct resonances located
close to 0 eV and 0.9 eV, respectively. In PFP the 0 eV resonance
dominates whilst the 0.9 eV resonance dominates in PFA. Hydro-
gen loss from these molecules is about two to three orders of mag-
nitude weaker than HF loss. Loss of HF and CO from PFP leading to
the anionic fragment [M  (HF + CO)] is observed through the
high-energy tail of the 0.9 eV resonance and stretches from about
1.5–2.5 eV. Similarly, the formation of [M  2HF] through the loss
of two HF molecules from PFA is observed in the range from about
1 to 2 eV. The anionic products from these processes appear in the
ion yield curves with similar intensities as the hydrogen loss. In
addition to the DEA products, the molecular anion is observed
close to 0 eV from both PFA and PFP, as well as from PFT. From
PFP the intensity of M is found to be about one tenth of the
[M  HF] signal, but from PFA the relative contribution from the
parent molecular anion is much less pronounced. The ion yield
curve for M in PFA (Figure 1a) shows traces from the partly over-
lapping ion yield curve for [M  H] at slightly higher energies.
This overlap is attributed to metastable fragmentation during the
early stage of the ion acceleration.
In order to explore the mechanism behind the HF formation we
have calculated the thermochemical threshold energies for the for-
mation of the observed fragments. All the relevant thresholds are
given in Table 1. Figure 2 shows the proposed fragmentation mech-
anism for the main fragmentation channels in PFP (a) and PFA (b),
respectively.
For the HF loss from PFP we calculate thresholds of 0.29 and
0.59 eV with B3LYP and B2PLYP, respectively, if we assume that
the charged fragment retains its six-membered carbon ring struc-
ture and the open shell C6F4O anion is formed. We ﬁnd, however,
that this reaction is exothermic by 0.36 eV and 0.19 eV with B3LYP
and B2PLYP, respectively, if we assume that the loss of HF is asso-
ciated with a rearrangement of the ion to form a ﬁve-membered
ring with a terminal CO group, i.e., the open shell C5F4–CO anion
(structure 1 in Figure 2a). The structure of the dominant [M  HF]
ion from PFP close to 0 eV is thus most likely the ﬁve-membered
ring structure 1 in Figure 2a. The [M  HF] contribution from
PFP centred close to 0.9 eV, on the other hand, can originate from, http://dx.doi.org/10.1016/j.cplett.2012.04.059
Table 1
Calculated thermochemical threshold energies for the observed fragments, using the
B3LYP and B2PLYP density functionals. The fragments signiﬁed as 6-memb. and 5-
memb. in the table, refer to the reactions where the 6-membered ring is retained and
where rearrangement leads to a 5-membered ring, respectively. These are shown in
Fig. 2.
Anionic fragment Neutral fragment DH (eV)
B3LYP B2PLYP
[PFP  HF] 6-memb. HF 0.29 0.59
[PFP  HF] 5-memb. HF 0.36 0.19
[PFP  (Hþ F)] H + F 6.12 6.44
[PFP  (HFþCO)] HF + CO 1.40 1.63
[PFA  HF] 6-memb. HF 0.52 0.82
[PFA  HF] 5-memb. HF 0.76 0.96
[PFA  (Hþ F)] H + F 6.36 6.66
[PFP  2HF] 2HF 0.77 0.96
[PFP  HF] HF 0.61 0.89
[PFT  (Hþ F)] H + F 6.44 6.73
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Figure 2. Proposed fragmentation mechanism for the formation of; (a) [M  HF]
and [M  (HF + CO)] from PFP and (b) [M  HF] and [M  2HF] from PFA.
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structure 1.
For the HF abstraction from PFA, thresholds of 0.52 eV and
0.82 eV are calculated with B3LYP and B2PLYP, respectively, if it
is assumed that the negatively charged fragment retains the initial
six-membered ring structure. Marginally higher values of 0.76 and
0.96 eV are calculated with B3LYP and B2PLYP if it is assumed that
the product ion has a ﬁve-membered ring and a terminal CNH
group, i.e., the C5F4–CNH anion shown with structure 2 in Fig-
ure 2b. These calculations predict that both these channels are
accessible in PFA throughout the higher energy resonance, but can-
not explain the observation of [M  HF] ions from PFA close to
0 eV. Through harmonic vibrational frequency calculations of the
neutral PFA we observe vibrational modes which could aid in the
formation of HF. Three of these modes; v5;v6 and v7, are soft bend-
ing modes of the N–H and C–F bonds which, through a linear com-
bination, can be described as the stretch of an unformed H–F bond.
The vibrational energy of these three modes is around 35 meV so
the higher vibrational levels are quite populated even at room tem-
perature. In fact, for v5;v6 and v7, the occupation ratio for the ﬁrst
excited vibrational state versus the ground state was found to be
about 0.26:1. Therefore, there may be additional energy available
from these vibrational modes, which will effectively reduce the
incident electron energy required to reach the threshold for this
DEA channel. Furthermore, energy in other vibrational modes
may be redistributed through intramolecular vibrational energy
redistribution (IVR) into modes that aid formation of HF. Looking
at the shape of the [M  HF] signal it is clear that the maximum
ð 1 eVÞ is very close to the thresholds calculated here. From the
present experimental results and calculations it appears most
likely that the low energy contribution from PFA close to 0 eV is
due to ‘hot-band transitions’, hence a part of the energy requiredPlease cite this article in press as: B. Ómarsson et al., Chem. Phys. Lett. (2012)for the DEA process comes from the vibrational energy of the mol-
ecule. At room temperature the fraction of molecules with sufﬁ-
cient energy for the DEA process will drop considerably as the
incident electron energy drops from 1 eV to about 0 eV. However,
the electron attachment cross section should rise fairly steeply
with decreasing electron energy, and thus offset some of this drop.
For the [M  HF] formation from PFT we calculate the thresh-
old values 0.61 eV and 0.89 eV with B3LYP and B2PLYP, respec-
tively, if we assume the ﬁnal geometry to be a six-membered
ring. Rearrangement of the negatively charged molecular ion prod-
uct is not found to give a lower threshold. The thermochemical
threshold for this channel is thus comparable for PFT and PFA,
though no [M  HF] formation is observed from PFT.
As mentioned above, our calculations showed the most stable
form of the [M  HF] from PFP as a cyclic C5F4 with an exocyclic
CO group (1). If we assume that the formation [M  (HF + CO)]
from PFP proceeds through a sequential loss of HF and CO leading
to the aromatic perﬂuorocyclopentadien anion, C5F

4 , as shown
with structure 3 in Figure 2a, we derive a threshold value of
1.40 eV and 1.63 eV with B3LYP and B2PLYP, respectively. The
experimental threshold for this process is about 1.2 eV, and consid-
ering the electron energy resolution and the accuracy of the calcu-
lations the agreement is good. Similarly, if we assume a sequential
mechanism for the formation of [M  2HF] from PFA leading to
the formation of the C5F3–CN anion as shown with structure 4
in Figure 2b, our calculations give thresholds of 0.77 and 0.96 eV
with B3LYP and B2PLYP, respectively. Within experimental errors
and the accuracy of the calculations, this is in good agreement with
the observed experimental threshold of about 1.1 eV for this reac-
tion. If, however, we assume the [M  2HF] fragment from PFA to
retain the six-membered ring and to be formed by simple abstrac-
tion of two HF molecules, we derive a threshold of 3.09 eV and
3.52 eV with B3LYP and B2PLYP, respectively. It is thus reasonable
to assume a sequential HF loss leading to the formation of a ﬁve-
member ring with an exocyclic CN group (4).
In the case of PFT the calculated threshold for the formation of
[M  HF] is found to be 0.61 eV and 0.89 eV with B3LYP and
B2PLYP, respectively, but formation of [M  HF] from PFT is not
observed in the experiment. The absence of [M  HF] may be be-
cause PFT does not have the higher energy resonance observed for
PFA and PFP in the energy range from about 0.5 to about 2 eV. We,
however, consider it more likely that this resonance is also present
in PFT, but the coupling to the reaction coordinates for HF loss is
much weaker and, thus, autodetachment dominates. Sterically,
the formation of HF from PFT is just as probable as from PFA and
PFP. The polarization of the C–H bond in PFT, however, is consider-
ably less than that of the N–H and O–H bonds in PFA and PFP,
respectively. Both neutral PFA and PFP may be stabilized through
X–H  F hydrogen bonding. The transition states (X  H  F; see
Figure 2) in the dissociation of the TNI may also be stabilized by
hydrogen bonding. By contrast, any hydrogen bonding stabilization
of the neutral or of the dissociation intermediate of the TNI will be
signiﬁcantly weaker in PFT due to the weaker C–H polarization
compared to N–H and O–H.
Intramolecular hydrogen bonding in phenol- and other benzene
derivatives has been described in both computational and
spectroscopic studies [27–29] and although the interaction is
weak, intramolecular hydrogen bonds in these systems contribute
signiﬁcantly to the geometry of the aromatic ring [27].
To further explore the role of hydrogen bonding and geometri-
cal constraints we have calculated the minimum energy path for
the rotation of the XHn substituent group in all three compounds
using the Nudged Elastic Band (NEB) method. Figure 3 shows the
results for a 360 revolution of the XHn group in PFA, PFP and PFT.
Figure 3 shows clearly in the case of PFA and PFP the existence
of an energy barrier to rotation, but virtually no barrier is found for, http://dx.doi.org/10.1016/j.cplett.2012.04.059
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Figure 3. Calculated energy path for the 360 rotation of the XHn substituent group
in PFT (squares), PFA (circles) and PFP (triangles).
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the B3LYP/pc-2 level of theory were found to be 0.26 eV and
0.13 eV, respectively, after the addition of the thermal vibrational
energy. In the case of PFT on the other hand we observe a quasi-
free rotation of the CH3 group with a rotational energy barrier of
only 0.4 meV. It is clear in the case of PFT that little attractive force
exists between the methyl hydrogen and the neighbouring ﬂuorine
atom, which conﬁrms the expectation of virtually no hydrogen
bonding in PFT. This in turn explains the lack of [M  HF] frag-
ment formation from PFT. In the cases of PFA and PFP the rotational
barriers have two major causes; the delocalized p-bonding in the
molecule and intramolecular hydrogen bonding between H and
F. The restricted rotation of the anilinic and phenolic hydrogen
atoms will restrict them in the vicinity of the ortho ﬂuorine atoms
on the aromatic ring and promote the loss of HF.
5. Conclusions
In the light of these results we conclude that HF formation
from both PFA and PFP is most likely coupled to rearrangement
of the carbon ring and that the further loss of CO from PFP,
and another HF from PFA, is sequential and follows an initial
HF loss. Furthermore, it is likely that intramolecular hydrogen
bonding plays a pivotal role in the HF excision from PFA and
PFP. By suitable choice of substituents the formation of HF can
be used to fuel DEA channels at low incident electron energies,
where the attachment cross sections are commonly very high.
Such reactions have the potential of enabling otherwise inacces-
sible electron induced reactions at surfaces and in the gas phase
and could also prove valuable in the production of relatively high
intensity neutral and negative ion beams.Please cite this article in press as: B. Ómarsson et al., Chem. Phys. Lett. (2012)Acknowledgements
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